Duchenne muscular dystrophy is mainly caused by mutations that disrupt the generation of a translatable mRNA transcript. Most such mutations occur in parts of the gene that are not essential for its function and thus might be eliminated from the transcript to permit translation of a partially functional protein that would convert the disease to a milder clinical form. Two such antisense oligonucleotides of different backbone chemistries have been successful when tested on the mdx mouse, targeting exon 23, containing the nonsense mutation. Subsequently, the morpholino, the more effective of these, has been tested on the dystrophic dog, where it is necessary to skip 2 exons, again with beneficial results. Currently, results of 2 human trials targeting exon 51 have also yielded promising preliminary results.
In many respects, Duchenne muscular dystrophy has been a landmark disease. It was the first to be discovered by the technique of positional cloning, and the culprit gene was identified as very large and complex, 1,2 likely to pose a considerable challenge to attempts at replacement gene therapy, particularly in so massive and diffusely distributed a tissue as skeletal muscle. But its large size and modular structure also qualify this gene as a good target for restitution by exon skipping because most mutations occur in parts of the gene that have proved inessential for retention of some function. [3] [4] [5] [6] This was substantiated by the detection of deletion mutations that do not disrupt the open reading frame and are associated with milder clinical phenotypes, ranging from the mild Becker muscular dystrophy to near-normal muscular function (Figure 1 ). 7 Such observations provide the best evidence as to which Duchenne muscular dystrophy mutations might benefit from exclusion of exons from the mRNA transcript so as to restore its translatability into a partially functional protein. Among the more urgent tasks for the advancement of the exon-skipping strategy is the assembly of an accurate and comprehensive registry of mutations and the severity of disease with which they are associated.
Experimental Progress Exon-Skipping Reagents and Experimental Models
To achieve targeted exclusion of specific exons, it is necessary to use oligonucleotide analogues whose sequence is designed to be antisense to sites on the mRNA primary transcript that are involved in the mechanism of splicing of the target exon in question. Because the main aim is to preserve the modified transcript, it is not possible to use normal oligonucleotides, which would trigger destruction of any duplex formed, but modified forms or chemical analogues that are resistant to degradation by endonucleases.
The first available modification was the 2'O-methylphosphorothioate backbone, which was tested both on tissue cultures of human Duchenne muscular dystrophy muscle 8, 9 and on the mdx mouse model of Duchenne muscular dystrophy. This animal carries a nonsense mutation in exon 23, 10 which because it is composed of intact codons can be excluded from the transcript without altering the open reading frame ( Figure 2 ). Early evidence that this exon could be excluded from a proportion of dystrophin transcripts by treatment with an appropriately designed antisense oligonucleotide was obtained by polymerase chain reaction detection of several transcripts lacking this exon in tissue cultures of mdx mouse muscle cells. 3 Subsequently, a sequence for efficiently excluding exon 23 from the transcript was optimized on cultures of immortomouse-mdx (H-2 K b -tsA58 X mdx) myogenic cells, 11 both by polymerase chain reaction identification of the shortened transcript and by use of Western blot to detect restoration of synthesis of the protein. 12 To convert this process for practical use requires that the reagent be able to penetrate into the nuclei of muscle fibers and be nontoxic at doses and with administration protocols that generate effective exon skipping in muscles body-wide.
After the initial demonstration of the principle of antisense oligonucleotide-induced exon skipping in tissue culture, there was a considerable hiatus before any real indication that significant amounts of dystrophin could be generated by skipping a disruptive exon in vivo. This first came from experiments in which the 2'O-methyl-phosphorothioate antisense sequences that had been shown to be effective in the tissue cultures of immortomouse (H-2K b -tsA58 transgenic mouse) mdx muscle were injected into muscles of the mdx mouse. The efficiency of this procedure was greatly enhanced when the oligonucleotide was mixed with the block copolymer F127. 13 This same mixture was also found to effect some exon skipping in widespread muscles of the body when injected intravenously but to generate only very insubstantial amounts of dystrophin, and not in all muscles. 14 Most worryingly from a therapeutic point of view, there was no significant production of dystrophin in the heart.
A more promising turn of events was the subsequent demonstration that equivalent molarities of the same antisense oligonucleotide sequence on the morpholino backbone induced more robust skipping of the mutant exon 23 on intramuscular injection, and more important, when injected intravenously, it elicited production of potentially therapeutic amounts of dystrophin in widespread muscles of the mdx mouse. 15 This finding came as a surprise because morpholino antisense oligonucleotides had previously been found to penetrate tissuecultured muscle cells very poorly. The mechanism whereby, in vivo, they negotiate the vascular barriers and enter a good proportion of muscle fibers remains a mystery, one that is in urgent need of elucidation, for the principal barrier to practical application of antisense oligonucleotides for treatment of Duchenne muscular dystrophy is their limited overall efficiency of entry into muscle. This largely reflects considerable interfiber variability: Some fibers display close to wild-type levels of dystrophin immunostaining, whereas close neighbors show no detectable signal above background.
There is also considerable variation between anatomical muscles as to the proportion of fibers that become dystrophin positive. In general, this variation appears to reflect some intrinsic property of the anatomically distinct muscles, for there is some overall consistency between animals as to which muscles express the largest amounts of dystrophin in response to a given protocol of antisense oligonucleotide administration, although some individual instances of left/right diversity are seen. Our best conjecture at present is that the pathological status of individual muscle fibers or of the local microvasculature is a major factor in facilitating antisense oligonucleotide entry. A further disappointment was that as in the case of the 2'O-methyl-phosphorothioate antisense oligonucleotide, there was no significant evocation of dystrophin production in cardiac muscle, although some hope is given by the demonstration that use of ultrasound and microbubbles enhances exon skipping in skeletal muscle and, to some extent, in the heart. 16 
Functional Studies in the Dystrophic Dog
To further move the exon-skipping strategy toward human trials, we undertook a preclinical study in the canine model of Duchenne muscular dystrophy. The most available mutation in this animal arose in the golden retriever and is designated golden retriever muscular dystrophy, or GRMD. [17] [18] [19] To facilitate laboratory work, this mutation has been bred onto the beagle background to produce a smaller and more readily handled animal. Apart from providing a major change of scale (>1000-fold), the point mutation in this animal also extends our experience in that restoration of open reading frame requires skipping at least 2 target exons from the transcript (Figure 3 ). The mutation itself is a single base change in the acceptor splice site of exon 7 that results in exclusion of this exon from the mRNA. 19, 20 To restore a translatable transcript requires skipping exons 6 and 8.
Accordingly, antisense oligonucleotide sequences were designed to bind to the internal sequences that enhance splicing of both exons, to the donor splice site of exon 6, and to the acceptor site of exon 8 and were then tested for efficacy in tissue cultures of dog muscle cells. 20 To our surprise and transient delight, it turned out that both target exons, plus the nonframe-shifting exon 9, were excluded from the mRNA by treatment with either of the anti-exon 6 sequences with the same efficiency as that elicited by the cocktail of all 4 sequences, raising the possibility of skipping several exons with a single antisense oligonucleotide sequence. The sequence targeting the exon 8 splice site removed only exon 8, again together with exon 9, whereas the sequence designed to target the exon 8 exon-splicing enhancer proved ineffectual and was not used in further experiments. When tested by direct injection into leg muscles of the dystrophic dog, the cocktail of the remaining 3 sequences resulted in formation of large regions of dystrophin-positive fibers in a strongly dose-dependent manner. Disappointingly, however, the 2 anti-exon 6 sequences were totally ineffective in vivo, in sharp contrast to their strong activity in tissue culture. This raises questions as to the reliability of in vitro testing as a guide to in vivo activity and is to be borne in mind when screening for sequences against other exons.
Because of the large size of the dog and the high cost of morpholinos, only limited numbers of studies have been conducted on systemic delivery of these antisense oligonucleotides into the beagle/golden retriever muscular dystrophy model. In 1 initial experiment, a regimen of 5 weekly intravenous infusions into a 5-month-old dog resulted in expression of varying amounts of dystrophin in the body musculature-up to 50% of normal levels in some muscles, with only occasional scattered patches in the heart. Functionally, the treated dog maintained its running speed over the period of treatment, in contrast to its 2 untreated littermates, which both slowed conspicuously during this time. The general condition of this and 2 further treated dogs was scored on a scale comprising 6 functional criteria, according to which all were found to be stabilized by antisense oligonucleotide treatment, whereas nontreated control dogs deteriorated progressively. 20 At present, 2 human trials are under way, both targeting exon 51, skipping of which would theoretically provide treatment for *17% of patients with Duchenne muscular dystrophy. 21, 22 One of these uses the 2'O-methylphosphorothioate chemistry and the other the morpholino backbone, and the 2 sequences overlap in the exon-splicing enhancer region of the exon. Both have reported successful exon skipping on local intramuscular injection and are currently undergoing further trials with systemic delivery.
Problems and Prospects
Both human trials fall in line with the principles derived from animal experimentation showing that antisense oligonucleotides are able to induce skipping of disruptive exons at a level of efficiency that is adequate to produce significant amounts of dystrophin protein widely dispersed throughout the body musculature. 21, 22 However, with the existing chemistries, this effect is only borderline useful, particularly as neither chemistry induces significant amounts of dystrophin in the heart, an organ that may become more susceptible to damage by the restoration of increased activity by restoration of function in the skeletal muscles. Possible solutions to this problem are posed by the addition of cell-penetrating moieties to the morpholino backbone, although these modifications are associated with a slight increase in toxicity. [23] [24] [25] A major alternative proposal is use of the U7 RNA that is normally involved in splicing of prehistone RNA but can be modified to carry a complementary sequence to target splice sites in the dystrophin gene. 26 Expression plasmids for these modified sequences have been packaged into recombinant adenovirus-associated viral vectors. These readily transduce To restore open reading frame to this mutation, a skip is required of at least 2 exons, 6 and 8. When this is provoked by use of oligonucleotides directed against sequences involved in the splicing of these 2 exons, exon 9 is also lost from the transcript. Because this is not a frame-shifting exon, the resulting mRNA, lacking exons 5 to 10, is translatable into a partially functional dystrophin protein.
mature muscle fibers and express the modified U7 transcripts, which bind to their appropriate targets and modify splicing of the associated exons. This approach has the advantage of producing a very long-term effect from a single administration, thus avoiding the problem of frequent readministration. However, the vectors themselves do excite immune responses, both an antibody response that neutralizes the virus on readministration and, in some tissues, a cell-mediated response. Although these problems do not appear insurmountable, they have delayed the application of this technology to human Duchenne muscular dystrophy trials.
The other major question is whether expression of dystrophin in muscles of Duchenne muscular dystrophy boys will merely slow or halt the progress of the disease, or whether there will be some recovery of previously lost function. Experiments on canine muscular dystrophy demonstrated no more than a stabilization of the disease against further progression, but these were short-term studies. One might hold out hope that muscle in which the necrotic and inflammatory processes are halted might exhibit some degree of restoration of normal function.
